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COPPER-ALLOY INTERCONNECTION LAYER 

5 

BACKGROUND OF THE INVENTION 

The present invention relates to a semiconductor device and a 
method of forming the same, and more particularly to a copper-alloy 

10 interconnection structure formed in an inter-layer insulator in a 
semiconductor device and a method of forming the same. 

In recent years, the degree of integration of semiconductor 
devices such as LSI has been on the increase in response to the 
requirements for improvement in functions of electronic devices and for 

15 scaling down and reduction in weight as well as improvement in high speed 
performance. In order to realize the increase in the degree of integration of 
the semiconductor devices, it is essential to reduce a width of the 
interconnection. The majority of the conventional interconnection 
comprises an aluminum interconnection because aluminum is low in 

20 electrical resistance and is superior in adhesiveness with a silicon dioxide 
film as well as superior in formability. 

The aluminum interconnection raises Serious problems in 
electromigration, stressmigration, and formation of voids particularly as the 
width of the aluminum interconnection is reduced for realizing the increase 
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in the degree of integration of the semiconductor devices. In these 
circumstances, recently, other available materials than aluminum have been 
investigated as the interconnection materials free from the above problems. 

Copper is attractive as the interconnection material reduced in 
5 width. Copper is lower in electric resistance than aluminum. Namely, the 
electric resistance of copper is about two third of the electric resistance of 
aluminum. For this reason, the copper interconnection allows a higher 
current density than the aluminum interconnection. Further, copper is 
higher in melting point than aluminum by not less than 400^0, This means 

10 that the copper interconnection is higher in stability to electromigration 
than the aluminum interconnection. The copper interconnection is, thus, 
attractive as the interconnection material for the advanced semiconductor 
device such as LSI. 

If, however, the width of the copper interconnection is reduced to 

15 about 0.3 micrometers, then an electromigration is caused, and the copper 
interconnection is made deteriorated due to an electromigration. In order to 
reduce the electromigration of the copper interconnection having a reduced 
with of about 0.3 micrometers, it is effective to enlarge crystal grain sizes 
of copper of the copper interconnection. The enlargement in crystal grain 

20 size of copper causes grain boundaries of the crystal grain to be diffused, 
thereby suppressing movement of copper atoms through the copper 
jn tprco Ti T> gcti nr* The suppression of the movement of copper atoms through 
the copper interconnection means suppression of electromigration. In 
Japanese laid-open patent publication No. 4-326521, it is disclosed that a 
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copper interconnection has a copper crystal grain size of not less than 1 
micrometer. This copper interconnection may be formed by a deposition of 
a copper film on an insulation film on a semiconductor substrate by either a 
molecular beam epitaxy or a sputtering method, and subsequent patterning 
5 the copper film by a dry etching process. Similar conventional techniques 
are also disclosed in Japanese laid-open patent publication No. 5-47760 and 
10-60633. 

In order to realize the reduction in width of the interconnection, it 
is required to accurately and conveniently form the intercoimection. For 
5 10 this purpose, in place of the above method of deposition of the copper film 
m and subsequent patterning the same by a dry etching process, the following 

7] method has been proposed. A groove is formed in an insulation film on a 

semiconductor substrate. A copper film is filled within the groove for 
'jL. subsequent heat treatment to form a copper interconnection in the groove. 

i^? 15 This conventional method is suitable for forming a fine copper 

P 

interconnection with a reduced width. It is not so difficult to accurately 

□ 

|l5 control the width of the groove in the insulation film. This means it not so 

difficult to accurately control the width of the copper interconnection in the 
groove. FIG. lA is a fragmentary cross sectional elevation view illustrative 
^ 20 of a conventional copper interconnection formed in a trench groove in an 

' insulation film over a semiconductor substrate, taken along a plane vertical 

■ to a longitudinal direction of the copper interconnection. FIG. IB is a 
• fragmentary perspective view illustrative of the conventional copper 

■ interconnection of FIG. lA. FIG. IC is a fragmentary cross sectional 
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elevation view illustrative of the conventional copper interconnection, 
taken along a B-B' line of FIG. IB, wherein the B-B' line is paraUel to the 
longitudinal direction of the copper interconnection. FIGS. 2A through 2D 
are fragmentary cross sectional elevation views illustrative of sequential 
5 steps involved in a conventional method of fonning a copper 
interconnection formed in a trench groove in an insulation film over a 
semiconductor substrate, taken along a plane vertical to a longitudinal 
direction of the copper interconnection, 

A copper interconnection 400 comprises a copper layer 41 and a 

10 barrier material layer 2. The copper interconnection 400 is formed in a 
trench groove formed in an inter-layer insulator 10 formed on a 
semiconductor substrate 0, The barrier metal layer 2 is formed on a bottom 
and side walls of the trench groove and the copper layer 41 is formed on 
the barrier metal layer 2 to fill the trench groove, A top surface 400a of the 

15 copper film 41 of the copper interconnection 400 is planarized to be leveled 
to the top surface of the inter-layer insulator 10, The copper 
interconnection 400 may be formed as follows. 

With reference to FIG. 2A, a trench groove 10a is formed in an 
inter-layer insulator 10 on a semiconductor substrate 0. 

20 With reference to FIG. 2B, a barrier metal layer 2 is entirely 

formed on the top surface of the inter-layer insulator 10 and on a bottom 
and side walls of the trench groove lua. 

With reference to FIG, 2C, a copper layer 12 is entirely deposited 
on the barrier metal layer 2 so that the trench groove 10a is completely 
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filled with the copper layer 12 and also the copper layer 12 exists over the 
top surface of the inter-layer insulator 10. 

With reference to FIG. 2D, a chemical mechanical polishment is 
carried out to the copper layer 12 and the barrier metal layer 2 so that the 

5 copper layer 12 and the barrier metal layer 2 remain only with in the trench 
groove 10a to form a copper layer 41 within the trench groove 10a. A heat 
treatment is carried out to the copper layer 41 so as to cause re-arrangement 
of copper atoms of the copper layer 41, thereby to form a copper 
interconnection 400 in the trench groove in the inter-layer insulator 10. 

10 As a modification, it is possible that the heat treatment is carried 

out prior to the chemical mechanical polishment. 

This conventional copper mterconnection has the following 
problems. As described above, the trench groove 10a is formed in the inter- 
layer insulator and then the copper layer is filled within the trench groove 

15 prior to the heat treatment to the copper layer for re-arrangement of the 
copper atoms in the copper layer. If the copper interconnection is required 
to have a reduced width, it is necessary to form the trench groove with a 
reduced width corresponding to the required reduced width of the copper 
interconnection. The narrow width of the trench groove suppress the 

20 growth of the copper crystal grain, whereby the copper crystal grain is 
likely to have a small size. The small size of the crystal grain allows 

4^ Diirinff the current flow 

J.lAU4Ajr w*^ov^* ^^^^^ r-- 

through the copper interconnection, a mass-transfer of copper frequently 
appears through crystal grain boundaries having the lowest energy, 
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whereby the electromigration frequently appears. This electromigration 
may cause a disconnection or a crack of the copper interconnection. As a 
result, the electromigration reduces the reliability of the copper 
interconnection and the yield of the semiconductor device having the 
5 copper interconnection as well as reduces the productivity. 

In the above circumstances, it had been required to develop a 
novel copper interconnection free from the above problem. 

SUMMARY OF THE INVENTION 

10 

Accordingly, it is an object of the present invention to provide a 
novel copper-alloy interconnection free from the above problems. 

It is a further object of the present invention to provide a novel 
copper-alloy interconnection formed in a narrow trench groove of an 
15 insulation film, wherein the copper-alloy interconnection has crystal grains 
with large sizes and reduced grain boundary. 

It is a further object of the present invention to provide a novel 
copper-alloy interconnection formed in a narrow trench groove of an 
insulation film, wherein the copper-alloy interconnection has a reduced 
20 mass-transfer path for copper atoms. 

It is a still further object of the present invention to provide a 
novel copper-alloy interconnection formed in a narrow trench groove of an 
insulation film, wherein the copper-alloy interconnection is capable of 
suppressing electromigration. 
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It is yet a further object of the present invention to provide a 
novel copper-alloy interconnection formed in a narrow trench groove of an 
insulation film, wherein the copper-alloy interconnection is free from a 
disconnection of the copper-alloy interconnection. 
5 It is yet a further object of the present invention to provide a 

novel copper-alloy interconnection formed in a narrow trench groove of an 
insulation film, wherein the copper-alloy interconnection is free firom a 
crack of the copper-alloy interconnection. 

It is yet a further object of the present invention to provide a 
10 novel copper-alloy interconnection formed in a narrow trench groove of an 
insulation film, wherein the copper-alloy interconnection has a high 
reliability* 

It is yet a further object of the present mvention to provide a 
novel copper-alloy interconnection formed in a narrow trench groove of an 
15 insulation film, wherein the copper-alloy interconnection has a high 
productivity. 

It is another object of the present invention to provide a novel 
semiconductor device having an improved copper-alloy interconnection 
free from the above problems. 
20 It is a further object of the present invention to provide a novel 

semiconductor device having an improved copper-alloy interconnection 
formed in a nanow trench groove of an insulation film, wherein the copper- 
alloy interconnection has crystal grains with large sizes and reduced grain 
boundary. 
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It is a further object of the present invention to provide a novel 
semiconductor device having an improved copper-alloy interconnection 
formed in a narrow trench groove of an insulation film, wherein the copper- 
alloy interconnection has a reduced mass-transfer path for copper atoms. 
5 It is a still further object of the present invention to provide a 

novel semiconductor device having an improved copper-alloy 
interconnection formed in a narrow trench groove of an insulation film, 
wherein the copper-alloy interconnection is capable of suppressing 
electromigration. 

IQ It is yet a further object of the present invention to provide a 

novel semiconductor device having an improved copper-alloy 
E interconnection formed in a narrow trench groove of an insulation film, 

y wherein the copper-alloy interconnection is free from a disconnection of 

^ the copper-alloy interconnection. 

B 15 It is yet a farther object of the present invention to provide a 

novel semiconductor device having an improved copper-alloy 
interconnection formed in a narrow trench groove of an insulation film, 
wherein the copper-alloy interconnection is fi-ee from a crack of the copper- 
alloy interconnection. 
20 It is yet a further object of the present invention to provide a 

novel semiconductor device having an improved copper-alloy 
interconnection formed in a narrow trench groove of an insulation nim, 
wherein the copper-alloy interconnection has a high reliability. 

It is yet a further object of the present invention to provide a 
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novel semiconductor device having an improved copper-alloy 
interconnection formed in a nanow trench groove of an insulation film, 
wherein the copper-alloy interconnection has a high productivity. 

It is another object of the present invention to provide a novel 
5 method of forming a copper-alloy interconnection free from the above 
problems. 

It is a further object of the present invention to provide a novel 
method of forming a copper-alloy interconnection formed in a narrow 
trench groove of an insulation film, wherein the copper-alloy 
10 intercormection has crystal grains with large sizes and reduced grain 
boundary. 

It is a further object of the present invention to provide a novel 
method of forming a copper-alloy interconnection formed in a narrow 
trench groove of an insulation film, wherein the copper-alloy 
15 interconnection has a reduced mass-transfer path for copper atoms* 



H It is a still further object of the present invention to provide a 



novel method of forming a copper-alloy interconnection formed in a 
narrow trench groove of an insulation film, wherein the copper-alloy 
interconnection is capable of suppressing electromigration, 
20 It is yet a further object of the present invention to provide a 

novel method of forming a copper-alloy interconnection formed in a 
narrow trench groove of an insulation film, wherein the copper-alloy 
interconnection is free fiom a disconnection of the copper-alloy 
interconnection. 



Page 9 



00 06/01 THU 20:49 FAX 03 3404 5748 



Pf-2622/nec/us/mh 

It is yet a further object of the present invention to provide a 
novel method of forming a copper-alloy interconnection formed in a 
nanow trench groove of an insulation fibn, wherein the copper-alloy 
interconnection is free from a crack of the copper-alloy interconnection. 

5 It is yet a further object of the present invention to provide a 

novel method of forming a copper-alloy interconnection formed in a 
nanow trench groove of an insulation film, wherein the copper-alloy 
interconnection has a high reliability. 

It is yet a further object of the present invention to provide a 

10 novel method of forming a copper-alloy interconnection formed in a 
narrow trench groove of an insulation film, wherein the copper-alloy 
interconnection has a high productivity. 

The present invention provides an electrically conductive layer 
comprising a copper alloy which includes at least one of Ag, As, Bi, P, Sb, 

15 Si, and Ti in the range of not less than 0.1 percent by weight to not more 
than a maximum solubility limit to copper, so that the copper alloy is in a 
solid solution and/or which includes at least one of Mo, TVi and W in a 
range of not less than 0.1 percent by weight to not more than 1 percent by 
weight. 

20 The above and other objects, features and advantages of the 

present invention vdll be apparent from the following descriptions. 

BRIEF DESCRIFnON OF THE DRAWINGS 
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Preferred embodiments according to the present invention will be 
described in detail with reference to the accompanying drawings, 

FIG. lA is a fragmentary cross sectional elevation view 
illustrative of a conventional copper interconnection formed in a trench 
5 groove in an msulation film over a semiconductor substrate, taken along a 
plane vertical to a longitudinal direction of the copper interconnection, 
' FIG. IB is a fragmentary perspective view illustrative of the 

■ conventional copper interconnection of FIG. 1 A. 

' FIG. IC is a firagmentary cross sectional elevation view 

l :g 10 illustrative of the conventional copper interconnection, taken along a B-B' 

line of FIG. IB, wherein the B-B' line is parallel to the longitudinal 
I direction of the copper interconnection. 

FIGS- 2A through 2D are fragmentary cross sectional elevation 

views illustrative of sequential steps involved in a conventional method of 
'^5 15 fomiing a copper interconnection formed in a trench groove in an 
ll=^ insulation film over a semiconductor substrate, taken along a plane vertical 

(□ to a longitudinal direction of the copper interconnection. 

I FIG. 3A is a fragmentary cross sectional elevation view 

illustrative of a novel copper-alloy interconnection formed in a trench 
20 groove in an insulation film over a semiconductor substrate, taken along a 
^ plane vertical to a longitudinal direction of the copper-alloy interconnection 

■ in a first embodiment in accordance with the present invention. 

' FIG. 3B is a partially enlarged view illustrative of the copper- 

! alloy intercoimection of FIG. 3 A, 

i 
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FIG. 3C is a fragmentary perspective view illustrative of the 
novel copper-alloy interconnection of FIG, 3A. 

FIG. 3D is a fragmentary cross sectional elevation view 
illustrative of the novel copper-alloy interconnection, taken along a B-B' 
5 line of FIG. 3C, wherein the B-B' line is parallel to the longitudinal 
direction of the copper-alloy interconnection, 

FIG. 4 is a phase diagram of Ag-Cu binary system , 

FIGS. 5A through 5E are fragmentary cross sectional elevation 
views illustrative of sequential steps involved in a novel method of forming 
10 a copper-alloy interconnection formed in a trench groove in an insulation 
film over a semiconductor substrate, taken along a plane vertical to a 
longitudinal direction of the copper-alloy interconnection in a first 
embodiment in accordance with the present invention. 

FIG. 6A is a fragmentary cross sectional elevation view 
15 illustrative of a novel copper-alloy interconnection formed in a trench 
groove in an insulation film over a semiconductor substrate, taken along a 
plane vertical to a longitudinal direction of the copper-alloy interconnection 
in a second embodiment in accordance with the present invention. 

FIG. 6B is a partially enlarged view illustrative of the copper- 
20 alloy interconnection of FIG. 6A. 

FIG. 6C is a fragmentary perspective view illustrative of the 
novel copper-alloy interconnection of FIG. 6A. 

FIG. 6D is a fragmentary cross sectional elevation view 
illustrative of the novel copper-alloy interconnection, taken along a B-B' 
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line of FIG. 6C, wherein the B-B' line is parallel to the longitudinal 
direction of the copper-alloy interconnection. 

DISCLOSURE OF THE INVENTION 

5 

The first present invention provides an electrically conductive 
layer comprising a copper alloy which includes at least one of Ag, As, Bi, P, 
Sb, Si, and Ti at not less than 0.1 percent by weight. This electrically 
conductive layer may serve as an interconnection layer. 

10 The copper alloy, which includes at least one of Ag, As, Bi, P, Sb, 

Si, and Ti at not less than 0.1 percent by weight, is lower in melting point 
than copper. This allows that the copper alloy has relatively large crystal 
grain sizes and reduced crystal grain boundaries. Further, this allows that 
the crystal grain boundaries are formed in vertical directions to a 

15 longinidinal direction of the interconnection or a direction along which a 
current flows, thereby reducing a mass-transfer path of copper of the 
interconnection. The reduction in mass-transfer path of copper of the 
interconnection suppresses electromigration in the interconnection or 
reduces the probability of generation of electromigration. The suppression 

20 to electromigration in the interconnection or the reduction in the probability 
of generation of electromigration reduces the probability of disconnection 
and crack of the interconnection. Tnc reduction in the probability of 
disconnection and crack of the interconnection improves the reliability and 
the productivity of a semiconductor device having the interconnection. 
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If, contrary to the first present invention, at least one of Ag, As, 
Bi, P, Sb, Si, and Ti is included in the copper alloy at less than 0,1 percent 
by weight, then it is difficult to obtain a sufficiently reduced melting point 
of the copper alloy, whereby the copper alloy has relatively small crystal 
5 grain sizes and many crystal grain boundaries. Further, this makes it 
difficult that the crystal grain boundaries are formed in vertical directions 
to a longitudinal direction of the interconnection or a direction along which 
a current flows, thereby resulting in no reduction in a mass-transfer path of 
copper of the interconnection* No reduction in mass-transfer path of copper 

10 of the interconnection does not suppress electromigration in the 
interconnection nor reduce the probability of generation of electromigration. 
No suppression to electromigration in the interconnection nor reduction in 
the probability of generation of electromigration does not reduce the 
probability of disconnection and crack of the interconnection. No reduction 

15 in the probability of disconnection and crack of the interconnection does 
not improve the reliability and the productivity of a semiconductor device 
having the interconnection. 

It is preferable that the at least one of Ag, As, Bi, P, Sb, Si, and Ti 
is included in the copper alloy in a range of not less than 0.1 percent by 

20 weight to not more than a maximum solubility limit to copper, so that the 
copper alloy is in a solid solution. 

As described above, since the copper alloy, which incluucs at 
least one of Ag, As, Bi, P, Sb, Si, and Ti at not less than 0.1 percent by 
weight, is lower in melting point than copper. This allows that the copper 
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alloy has relatively large crystal grain sizes and reduced crystal grain 
boundaries. Further, this allows that the crystal grain boundaries are formed 
in vertical directions to a longitudinal direction of the interconnection or a 
direction along which a current flows, thereby reducing a mass-transfer 

5 path of copper of the interconnection. The reduction in mass-transfer path 
of copper of the interconnection suppresses electromigration in the 
interconnection or reduces the probability of generation of electromigration. 
The suppression to electromigration in the interconnection or the reduction 
in the probability of generation of electromigration reduces the probability 

10 of disconnection and crack of the interconnection. The reduction m the 
probability of disconnection and crack of the interconnection improves the 
reliability and the productivity of a semiconductor device having the 
Interconnection. 

Further, since the copper alloy includes at least one of Ag, As, Bi, 
15 P, Sb, Si, and Ti at not more than a maximum solubility limit to copper, the 
copper alloy is in a solid solution in order to prevent formation of any 
copper compound which is brittle. The solid solution of the copper alloy 
reduces the probability of disconnection and crack of the interconnection. 
The reduction in the probability of disconnection and crack of the 
20 interconnection improves the reliability and the productivity of a 
semiconductor device having the interconnection. 

If, contrary to the first present invention, at least one of Ag, As, 
Bi, P, Sb, Si, and Ti is included in the copper alloy at more than the 
maximum solubility limit to copper, the copper alloy is in a copper 
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compound which is brittle. This copper compound increases the high 
probability of disconnection and crack of the interconnection. The increase 
in the probability of disconnection and crack of the interconnection 
deteriorates the reliability and the productivity of a semiconductor device 

5 having the interconnection. 

It is farther possible that, in addition to the above at least one of 
Ag, As, Bi, P, Sb, Si, and Ti, the copper alloy further includes at least one 
of Mo, Ta and W in a range of not less than 0.1 percent by weight to not 
more than 1 percent by weight. 

10 At least one of Mo, Ta and W is further included in the copper 

alloy including at least one of Ag, As, Bi, P, Sb, Si, and Ti in a range of not 
less than 0.1 percent by weight to not more than I percent by weight. The 
role of Mo, Ta and W in the copper alloy is different from Ag, As, Bi, P, Sb, 
Si, and 11. Each of Mo, Ta and W exists on the copper crystal grain 

15 boundaries and/or within the copper crystal grains. Mo, 1^ and W aie larger 
m density than Cu. Thus, Mo, Ta and W are lower in mobility through the 
copper alloy than Cu. Mo, Ta and W are likely to be precipitated on the 
crystal grain boundaries to suppress diffusion of copper. Namely, Mo, Ta 
and W suppress the mass-transfer of copper through the copper alloy. 

20 Resistivity of each of Mo, Ta and W is not more than ten times of a copper 
resistivity. The additional inclusion of at least one of Mo, Ta and W 
suppress the mass-transfer or diffusion of copper through the copper alloy 
without any excessive increase in resistivity of the copper alloy. The 
suppression of the mass-transfer or diffusion of copper through the copper 



Page 16 



'00 06/01 T HU 20 :52 FAX 03 3404 5748 -a^f^H^aV^ Ir^a B]022 

Pf-2622/nec/us/mh 

alloy suppresses electromigration in the interconnection or reduces the 
probability of generation of electromigration. The suppression to 
electromigration in the interconnection or the reduction in the probability 
of generation of electromigration reduces the probability of disconnection 
5 and crack of the interconnection. The reduction in the probability of 
disconnection and crack of the interconnection improves the reliability and 
the productivity of a semiconductor device having the interconnection. 

It contrary to the present invention, at least one of Mo, and W 
is further included in the copper alloy at more than 1 percent by weight, 
? 10 then the resistivity of the copper alloy is too high, and the resistance of the 
interconnection is too high. 

If, contrary to the present invention, at least one of Mo, Ta and W 
is further included in the copper alloy at less than 0.1 percent by weight, 
the effect of further suppressing the mass-transfer of copper through the 
S 15 copper alloy is insufficient, resulting in insufScient effect of further 
suppression to the mass-transfer or diffusion of copper through the copper 
alloy. The effect of further suppressing electromigration in the 
interconnection or further reducing the probabUity of generation of 
electromigration is insufficient. The insufficient effect of further 
20 suppression to electromigration in the interconnection or further reduction 
in the probability of generation of electromigration results in an insufficient 
further reduction in probability of discomiection and crack of the 
interconnection. The insufficient reduction in the probability of 
disconnection and crack of the interconnection results in insufficient further 
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improvement in the reliability and the productivity of a semiconductor 
device having the interconnection. 

Alternatively, it is possible that in place of at least one of Mo, Ta 
and W, the copper alloy further includes at least one of Cr and Ni in a range 
5 of not less than 0.1 percent by weight to not more than 1 percent by weight 
in addition to the above at least one of Ag, As, Bi, P, Sb, Si, and Ti. The 
role of Cr and Ni in the copper alloy is the same as Mo, Ta, and W but 
different from Ag, As, Bi, P, Sb, Si, and Ti. Each of Cr and Ni exists on the 
copper crystal grain boundaries and/or within the copper crystal grains. Cr 
i 10 and Ni are larger in density than Cu. Thus, Cr and Ni are lower in mobility 

! through the copper alloy than Cu. Cr and Ni are likely to be precipitated on 

= the crystal grain boundaries to suppress diffusion of copper. Namely, Cr 

iJ and Ni suppress the mass-transfer of copper through the copper alloy. 

Resistivity of each of Cr and Ni is not more than ten times of a copper 

3 

n 15 resistivity. The additional inclusion of at least one of Cr and Ni suppress 

i the mass-transfer or diffusion of copper through the copper alloy without 

i any excessive increase in resistivity of the copper alloy. The suppression of 

the mass-transfer or diffusion of copper through the copper alloy 
suppresses electromigration in the interconnection or reduces the 
20 probability of generation of electromigration. The suppression to 
electromigration in the interconnection or the reduction in the probability 
of generation of electromigration reduces the probability of discounection 
' and crack of the interconnection. The reduction in the probability of 

disconnection and crack of the interconnection improves the reliability and 
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the productivity of a semiconductor device having the interconnection. 

If, contrary to the present invention, at least one of Cr and Ni is 
further included in the copper alloy at less than 0.1 percent by weight, the 
effect of further suppressing the mass-transfer of copper through the copper 

5 alloy is insufficient, resulting in insufficient effect of further suppression to 
the mass-transfer or diffusion of copper through the copper alloy. The 
effect of further suppressing electromigration in the interconnection or 
further reducing the probability of generation of electromigration is 
insufficient. The insufficient effect of further suppression to 

10 electromigration in the interconnection or further reduction in the 
probability of generation of electromigration results in an insufficient 
further reduction in probability of disconnection and crack of the 
interconnection. The insufficient reduction in the probability of 
disconnection and crack of the interconnection results in insufficient further 

15 improvement in the reliability and the productivity of a semiconductor 
device having the interconnection. 

It is also possible that in addition to the above at least one of Ag, 
As, Bi, P, Sb, Si, and Ti, the copper alloy further includes at least one of Cr 
and Ni in combination with at least one of Mo, Ta and W. 

20 Alternatively, it is possible that in addition to the above at least 

one of Ag, As, Bi, P, Sb, Si, and Ti, the copper alloy further includes at 
least one of Ge and Mg in a range of not less than O.l percent by weigut io 
not more than a maximum solubility limit to copper. The role of Ge and Mg 
in the copper alloy is the same as Ag, As, Bi, P, Sb, Si, and Ti. 
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The copper alloy, which includes at least one of Ag, As, Bi. P, Sb, 
Si, and Ti in combination with at least one of Ge and Mg is lower in 
melting point than copper. This allows that the copper alloy has relatively 
large crystal grain sizes and reduced crystal grain boundaries. Further, this 
5 allows that the crystal grain boundaries are formed in vertical directions to 
a longitudinal direction of the interconnection or a direction along which a 
current flows, thereby reducing a mass-transfer path of copper of the 
interconnection. The reduction in mass-transfer path of copper of the 
interconnection suppresses electromigration in the intercomiection or 
10 reduces the probability of generation of electromigration. The suppression 
to electromigration in the interconnection or the reduction in the probability 
of generation of electromigration reduces the probability of discomiection 
and crack of the interconnection. The reduction in the probability of 
discomiection and crack of the intercomiection improves the reliability and 
15 the productivity of a semiconductor device having the interconnection. 

Further, since the copper alloy includes at least one of Ag, As, Bi, 
P, Sb. Si, and Ti in combination with at least one of Ge and Mg at not more 
than a maximum solubility limit to copper, the copper alloy is in a solid 
solution in order to prevent formation of any copper compound which is 
20 brittle. The solid solution of the copper alloy reduces the probability of 
discomiection and crack of the interconnection. The reduction in the 
piobabUity of discomiection and crack of the intercomiection improves the 
reliabUity and the productivity of a semiconductor device having the 
interconnection. 
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It is also possible that in addition to the above at least one of Ag, 
As, Bi, P, Sbj Si, and Ti and in addition to the above at least one of Ge and 
Mg, the copper alloy further includes at least one of Mo, Ta and W in a 
range of not less than 0.1 percent by weight to not more than 1 percent by 
5 weight. 

Alternatively, it is also possible that in addition to the above at 
least one of Ag, As, Bi, P, Sb, Si, and Ti and in addition to the above at 
least one of Ge and Mg, the copper alloy further includes at least one of Cr 
and Ni in a range of not less than 0.1 percent by weight to not more than 1 
10 percent by weight* 

Alternatively, it is also possible that in addition to the above at 
least one of Ag, As, Bi, P, Sb, Si, and Ti and in addition to the above at 
least one of Ge and Mg, as well as in addition to the at least one of Mo, Ta 
and W, said copper alloy farther includes at least one of Cr and Ni in a 
15 range of not less than 0.1 percent by weight to not more than 1 percent by 

M weight. 

Q 

I j It is further preferable that the interconnection layer exists within 

a groove in an insulation layer. It is easy to accurately control the width of 
the groove in the insulation layer. This means it easy to accurately control 
20 the width of the copper-alloy interconnection. This allows realization of the 
fine interconnection with the reduced width in order to realize the increased 
degree of integration of the semiconductor device. 

It is further more preferable that the interconnection layer exists 
on a barrier metal layer extending on a bottom and side walls of the groove. 



Ill 
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The baniH metal Uyei increases an adhesiveness of the copper-aUoy 
toterconnecUon to the insulation layer. Farther, the barrier metal layer 
prevents a diffusion of copper atoms in the copper-alloy intercom.ection to 
the insulation layer. 

5 The second present invention provides an electrically conductive 

layer comprising a copper alloy which includes at least one of Mo, Ta and 
W in a range of not less than 0.1 percent by weight to not more than 1 

percent by weight. 

At least one of Mo, Ta and W is included in the copper alloy in a 
10 range of not less than 0.1 percent by weight to not more than 1 percent by 
weight. Each of Mo, Ta and W exists on the copper crystal grain 
boundaries and/or within the copper crystal grains. Mo, T^ and W are larger 
in density than Cu. Thus, Mo, Ta and W are lower in mobUity through the 
copper alloy than Cu. Mo, Ta and W are likely to be precipitated on the 
15 crystal grain boundaries to suppress diffusion of copper. Namely, Mo, Ta 
and W suppress the mass-transfer of copper through the copper alloy. 
Resistivity of each of Mo, Ta and W is not more than ten times of a copper 
resistivity. The inclusion of at least one of Mo, Ta and W suppress the 
mass-transfer or diffusion of copper through the copper alloy without any 
20 excessive increase in resistivity of the copper alloy. The suppression of the 
mass-transfer or diffusion of copper through the copper alloy suppresses 
electromigration in the interconnection or reduces Lbe probabUity of 
generation of electromigration. The suppression to electromigration in the 
mtercomiection or the reduction in the probability of generation of 
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electromigration reduces the probability of disconnection and crack of the 
interconnection. The reduction in the probabUity of disconnection and 
crack of the interconnection improves the reliability and the productivity of 
a semiconductor device having the interconnection. 
5 If, contrary to the present invention, at least one of Mo, Ta and W 

is included in the copper alloy at more than 1 percent by weight, then the 
resistivity of the copper aUoy is too high, and the resistance of the 
interconnection is too high. 

If, contrary to the present invention, at least one of Mo, Ta and W 
10 is included in the copper alloy at less than 0.1 percent by weight, the effect 
of suppressing the mass-transfer of copper through the copper alloy is 
insufficient, resulting in insufScient effect of suppression to the mass- 
transfer or diffusion of copper through the copper alloy. The effect of 
suppressing electromigration in the interconnection or reducing the 
15 probability of generation of electromigration is insufficient. The 
insufficient effect of suppression to electromigration in the interconnection 
or further reduction in the probability of generation of electromigration 
results in an insufficient reduction in probability of disconnection and crack 
of the interconnection. The insufficient reduction in the probability of 
20 disconnection and crack of the interconnection results in insufficient 
improvement in the reliability and the productivity of a semiconductor 
device having the interconnection. 

It is also possible that in addition to at least one of Mo, Ta and W, 
the copper alloy further includes at least one of Ag, As, Bi, P, Sb, Si, and Ti 
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in a range of not less than 0.1 percent by weight to not more than a 
maximum solubility limit to copper. 

The copper alloy, which includes at least one of Ag, As, Bi, P, Sb, 
Si, and Ti at not less than 0.1 percent by weight, is lower in melting point 

5 than copper. This allows that the copper alloy has relatively large crystal 
grain sizes and reduced crystal grain boundaries. Further, this allows that 
the crystal grain boundaries are formed in vertical directions to a 
longitudinal direction of the interconnection or a direction along which a 
current flows, thereby reducing a mass-transfer path of copper of the 

10 interconnection. The reduction in mass-transfer path of copper of the 
interconnection suppresses electromigration in the interconnection or 
reduces the probability of generation of electromigration. The suppression 
to electromigration in the interconnection or the reduction in the probabQity 
of generation of electromigration reduces the probability of disconnection 

15 and crack of the interconnection. The reduction in the probability of 
disconnection and crack of the interconnection improves the reliability and 
the productivity of a semiconductor device having the interconnection. 

If, contrary to the present invention, at least one of Ag, As, Bi, P, 
Sb, Si, and Ti is further included in the copper alloy at less than 0,1 percent 

20 by weight, then it is difficult to obtain a sufficiently reduced melting point 
of the copper alloy, whereby the copper alloy has relatively small crystal 
grain sizes and many crystal grain boundaries. Further, this makes it 
difficult that the crystal grain boundaries are formed in vertical directions 
to a longitudinal direction of the interconnection or a direction along which 



I 
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a current flows, thereby resulting in no reduction in a mass-transfer path of 
copper of the interconnection. No reduction in mass-transfer path of copper 
of the interconnection does not suppress electromigration in the 
interconnection nor reduce the probability of generation of electromigration. 
5 No suppression to electromigration in the interconnection nor reduction in 
the probability of generation of electromigration does not reduce the 
probability of discoimection and crack of the interconnection. No reduction 
in the probability of disconnection and crack of the interconnection does 
not improve the reliability and the productivity of a semiconductor device 

10 having the interconnection. 

Further, since the copper alloy includes at least one of Ag, As, Bi, 
P, Sb, Si, and Ti at not more than a maximum solubility limit to copper, the 
copper alloy is in a solid solution in order to prevent formation of any 
copper compound which is brittle. The solid solution of the copper alloy 

15 reduces the probability of disconnection and crack of the interconnection. 
The reduction in the probability of disconnection and crack of the 
interconnection improves the reliability and the productivity of a 
semiconductor device having the interconnection. 

If, contrary to the first present invention, at least one of Ag, As, 

20 Bi, P, Sb, Si, and Ti is included in the copper alloy at more than the 
maximum solubility limit to copper, the copper alloy is in a copper 
compound which is brittle. This copper compound increases the high 
probability of disconnection and crack of the interconnection. The increase 
in the probability of disconnection and crack of the interconnection 



Page 25 



'00 06/01 T HU 20:5 6 FAX 03 3404 5748 3W hf+ay" Av'a I2I031 



m 

in 



O 
i'3 



Pf-2622/nec/us/mh 



deteriorates the reliability and the productivity of a semiconductor device 
having the interconnection. 

It is also possible that in addition to at least one of Mo, Ta and W, 
the copper alloy further includes at least one of Ge and Mg in a range of 
5 not less than 0.1 percent by weight to not more than a maximum solubUity 
limit to copper. Ge and Mg have the same role as Ag, As, Bi, P, Sb, Si, and 

Ti in the copper alloy. 

The copper alloy, which includes at least one of Ge and Mg at not 
less than 0.1 percent by weight, is lower in melting point than copper. This 
10 allows that the copper alloy has relatively large crystal grain sizes and 
S reduced crystal grain boundaries. Further, this allows that the crystal grain 

boundaries are formed in vertical directions to a longitudinal direction of 
the interconnection or a direction along which a current flows, thereby 
■[■ reducing a mass-transfer path of copper of the interconnection. Hie 

^- 15 reduction in mass-transfer path of copper of the interconnection suppresses 

electromigration in the interconnection or reduces the probability of 
generation of electromigration. The suppression to electromigration in the 
interconnection or the reduction in the probability of generation of 
electromigration reduces the probability of disconnection and crack of the 
20 interconnection. The reduction in the probability of discomiection and 
crack of the interconnection improves the reliabUity and the productivity of 

a seimconoucior aevico uavm^ tu^ iiivw«».w»A»— 

If, contrary to the present invention, at least one of Ge and Mg is 
further included in the copper alloy at less than 0.1 percent by weight, then 
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it is difficult to obtain a sufficiently reduced melting point of the copper 
alloy, whereby the copper alloy has relatively small crystal grain sizes and 
many crystal grain boundaries. Further, this makes it difficult that the 
crystal grain boundaries are formed in vertical directions to a longitudinal 

5 direction of the interconnection or a direction along which a current flows, 
thereby resulting in no reduction in a mass-transfer path of copper of the 
interconnection. No reduction in mass-transfer path of copper of the 
interconnection does not suppress electromigration in the interconnection 
nor reduce the probability of generation of electromigration. No 

10 suppression to electromigration in the interconnection nor reduction in the 
probability of generation of electromigration does not reduce the 
probability of disconnection and crack of the interconnection. No reduction 
in the probability of disconnection and crack of the interconnection does 
not improve the reliability and the productivity of a semiconductor device 

15 having the interconnection. 

Further, since the copper alloy includes at least one of Ge and Mg 
at not more than a maximum solubility limit to copper, the copper alloy is 
in a solid solution in order to prevent formation of any copper compound 
which is brittle. The solid solution of the copper alloy reduces the 

20 probability of disconnection and crack of the interconnection. The 
reduction in the probability of disconnection and crack of the 
interconnection improves the reliability and the prouuctivity cf a 
semiconductor device having the interconnection. 

If, contrary to the first present invention, at least one of Ge and 
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Mg is included in the copper alloy at more than the maximum solubility 
limit to copper, the copper alloy is in a copper compound which is brittle. 
This copper compound increases the high probability of disconnection and 
crack of the interconnection. The increase in the probability of 
5 disconnection and crack of the interconnection deteriorates the reliability 
and the productivity of a semiconductor device having the interconnection. 

It is also possible that in addition to at least one of Mo, Ta and W, 
and in addition to at least one of Ag, As, Bi, P, Sb, Si, and H, the copper 
^ alloy further includes at least one of Ge and Mg in a range of not less than 

!| 10 0.1 percent by weight to not more than a maximum solubility limit to 

^ copper. Ge and Mg have the same role as Ag, As, Bi, P, Sb, Si, and Ti in 

LC 

il, the copper alloy. 

It is also possible that in addition to at least one of Mo, and W, 

i= the copper alloy further includes at least one of Cr and Ni in a range of not 

□ 

!P 15 less than 0.1 percent by weight to not more than 1 percent by weight. Cr 

P 

^ and Ni have the same role as the Mo, Ta and W in the copper alloy. 

H 

□ It is also possible that in addition to at least one of Mo, Ta and W, 

and in addition to at least one of Ag, As, Bi, P, Sb, Si, and H, the copper 
' alloy further includes at least one of Cr and Ni in a range of not less than 

20 0.1 percent by weight to not more than 1 percent by weight. Cr and Ni have 
the same role as the Mo, Ta and W in the copper alloy. 

It is also possible that in addition to at least one of Mo, Ta and W, 
and in addition to at least one of Ge and Mg, the copper alloy further 
includes at least one of Cr and Ni in a range of not less than 0.1 percent by 
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weight to not more than 1 percent by weight. Cr and Ni have the same role 
as the Mo, Ta and W in the copper alloy. 

It is also possible that in addition to at least one of Mo, Ta and W, 
and in addition to at least one of Ge and Mg, as well as in addition to at 
5 least one of Ag, As, Bi, P, Sb, Si, and Ti, the copper alloy further includes 
at least one of Cr and Ni in a range of not less than 0.1 percent by weight to 
not more than 1 percent by weight. Cr and Ni have the same role as the Mo, 
Ta and W in the copper alloy. 

It is further preferable that the interconnection layer exists within 
10 a groove in an insulation layer. It is easy to accurately control the width of 
the groove in the insulation layer. This means it easy to accurately control 
the width of the copper-alloy interconnection. This allows realization of the 
fine intercomiection with the reduced width in order to realize the increased 
degree of integration of the semiconductor device. 
I 15 It is further more preferable that the interconnection layer exists 

; on a barrier metal layer extending on a bottom and side walls of the groove. 

□ The barrier metal layer increases an adhesiveness of the copper-alloy 

interconnection to the insulation layer. Further, the barrier metal layer 
prevents a diffusion of copper atoms in the copper-alloy interconnection to 

20 the insulation layer. 

The third present invention provides a semiconductor device 
comprising : a semiconductor substrate ; «m if.sulatiou bysr over the 
semiconductor substrate, and the insulation layer having a groove ; a 
barrier metal layer on a bottom and side walls of the groove ; and an 



I 



Page 29 



/Ol THll 20:58 FAI 03 3404 5748 



Pf-2622/nec/us/mh 



interconnection layer on the barrier metal layer, and the interconnection 
layer filling the groove, wherein the interconnection layer comprises a 
copper alloy which includes at least one of Ag, As, Bi, P, Sb, Si, and Ti in a 
range of not less than 0.1 percent by weight to not more than a maximum 
5 solubility limit to copper, so that the copper alloy is in a solid solution. 

The copper alloy, which includes at least one of Ag, As, Bi, P, Sb, 
Si, and Ti at not less than 0.1 percent by weight, is lower in melting point 
than copper. This allows that the copper alloy has relatively large crystal 
grain sizes and reduced crystal grain boundaries. Further, this allows that 
10 the crystal grain boundaries are formed in vertical directions to a 
longitudinal direction of the interconnection or a direction along which a 
cunent flows, thereby reducing a mass-transfer path of copper of the 
interconnection. The reduction in mass-transfer path of copper of the 
interconnection suppresses electromigration in the interconnection or 
15 reduces the probability of generation of electromigration. The suppression 
to electromigration in the interconnection or the reduction in the probability 
of generation of electromigration reduces the probability of disconnection 
and crack of the interconnection. The reduction in the probabUity of 
disconnection and crack of the interconnection improves the reliability and 
20 the productivity of a semiconductor device having the interconnection. 

If, contrary to the first present invention, at least one of Ag, As, 
Bi, P, Sb, Si, and Ti is included in the copper alloy at less than 0.1 percent 
by weight, then it is difficult to obtain a sufficiently reduced melting point 
of the copper alloy, whereby the copper alloy has relatively small crystal 
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grain sizes and many crystal grain boundaries. Further, this makes it 
difficult that the crystal grain boundaries are formed in vertical directions 
to a longitudinal direction of the interconnection or a direction along which 
a current flows, thereby resulting in no reduction in a mass-transfer path of 
5 copper of the interconnection. No reduction in mass-transfer path of copper 
of the interconnection does not suppress electromigration in the 
interconnection nor reduce the probability of generation of electromigration. 
No suppression to electromigration in the interconnection nor reduction in 
the probabUity of generation of electromigration does not reduce the 
10 probabUity of disconnection and crack of the interconnection. No reduction 
in the probability of disconnection and crack of the interconnection does 
not improve the reliabiUty and the productivity of a semiconductor device 
having the interconnection. 

It is preferable that the at least one of Ag, As, Bi, P, Sb, Si, and Tl 
15 is included in the copper alloy in a range of not less than 0.1 percent by 
weight to not more than a maximum solubility limit to copper, so that the 
copper alloy is in a solid solution. 

As described above, since the copper alloy, which includes at 
least one of Ag, As, Bi, P, Sb, Si, and Ti at not less than 0.1 percent by 
20 weight, is lower in melting point than copper. This aUows that the copper 
alloy has relatively large crystal grain sizes and reduced crystal grain 
boundaries. Further, this allows that the crystal grain boundaries are formed 
in vertical directions to a longitudinal direction of the interconnection or a 
direction along which a current flows, thereby reducing a mass-transfer 
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path of copper of the bterconnection. The reduction in mass-transfer path 
of copper of the interconnection suppresses electromigration in the 
interconnection or reduces the probability of generation of electromigration. 
The suppression to electromigration in the interconnection or the reduction 
5 in the probability of generation of electromigration reduces the probability 
of disconnection and crack of the interconnection. The reduction in the 
probability of disconnection and crack of the interconnection improves the 
reliability and the productivity of a semiconductor device having the 
interconnection. 

10 Further, since the copper alloy includes at least one of Ag, As, Bi, 

P, Sb, Si, and H at not more than a maximum solubility limit to copper, the 
copper alloy is in a solid solution in order to prevent formation of any 
copper compound which is brittle. The solid solution of the copper alloy 
reduces the probability of disconnection and crack of the interconnection, 

15 The reduction in the probability of disconnection and crack of the 
interconnection improves the reliability and the productivity of a 
semiconductor device having the interconnection. 

If, contrary to the first present invention, at least one of Ag, As, 
Bi, P, Sb, Si, and Ti is included in the copper alloy at more than the 

20 maximum solubility limit to copper, the copper aUoy is in a copper 
compound which is brittle. This copper compound increases the high 
probability of disconnection and crack of the interconnection. The increase 
in the probability of disconnection and crack of the mterconnection 
deteriorates the reliability and the productivity of a semiconductor device 
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having the interconnection. 

The interconnection layer exists within a groove in an insulation 
layer. It is easy to accurately control the width of the groove in the 
insulation layer This means it easy to accurately control the width of the 
5 copper-alloy interconnection. This allows realization of the fine 
interconnection with the reduced width in order to realize the increased 
degree of integration of the semiconductor device. 

The interconnection layer exists on a barrier metal layer 
extending on a bottom and side walls of the groove. The barrier metal layer 
10 increases an adhesiveness of the copper-alloy interconnection to the 
insulation layer. Further, the barrier metal layer prevents a diffusion of 
copper atoms in the copper-alloy interconnection to the insulation layer. 

It is further possible that, in addition to the above at least one of 
Ag, As, Bi, P, Sb, Si, and Ti, the copper alloy further includes at least one 
15 of Mo, Ta and W in a range of not less than 0.1 percent by weight to not 
more than 1 percent by weight. 

At least one of Mo, Ta and W is further included in the copper 
alloy including at least one of Ag, As, Bi, P, Sb, Si, and Ti in a range of not 
less than 0.1 percent by weight to not more than 1 percent by weight. The 
20 role of Mo, Ta and W in the copper alloy is different from Ag, As, Bi, P, Sb, 
Si, and Ti. Each of Mo, Ta and W exists on the copper crystal grain 
boundaries and/or within the copper crystal grains. Mo, Ta and W are larger 
in density than Cu. Thus, Mo, Ta and W are lower in mobility through the 
copper alloy than Cu. Mo, Ta and W are likely to be precipitated on the 
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crystal grain boundaries to suppress diffusion of copper Namely, Mo, Ta 
and W suppress the mass-transfer of copper through the copper alloy. 
Resistivity of each of Mo, Ta and W is not more than ten times of a copper 
resistivity. The additional inclusion of at least one of Mo, 1^ and W 
5 suppress the mass-transfer or diffusion of copper through the copper alloy 
without any excessive increase in resistivity of the copper alloy. The 
suppression of the mass-transfer or diffusion of copper through the copper 
alloy suppresses electromigration in the interconnection or reduces the 
probability of generation of electromigration. The suppression to 
fi 10 electromigration in the interconnection or the reduction in the probability 
g of generation of electromigration reduces the probability of disconnection 

y and crack of the interconnection. The reduction in the probability of 

disconnection and crack of the interconnection improves the reliability and 
the productivity of a semiconductor device having the interconnection. 
15 If, contrary to the present invention, at least one of Mo, Ta and W 

is further included in the copper alloy at more than 1 percent by weight, 
then the resistivity of the copper alloy is too high, and the resistance of the 
interconnection is too high. 

If, contrary to the present invention, at least one of Mo, Ta and W 
20 is further included in the copper alloy at less than 0,1 percent by weight, 
the effect of further suppressing the mass-transfer of copper through the 
copper alloy is insufficient, resulting in insufficient effect of further 
suppression to the mass-transfer or diffusion of copper through the copper 
alloy. The effect of further suppressing electromigration in the 
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' interconnection or further reducing the probabaity of generation of 

I electroinigration is insufficient. The insufficient effect of further 

I suppression to electromigration in the interconnection or further reduction 

I in the probability of generation of electromigration results in an insufficient 

I 5 further reduction in probability of disconnection and crack of the 

I interconnection. The insufficient reduction in the probability of 

I disconnection and crack of the interconnection results in insufficient further 

I improvement in the reliability and the productivity of a semiconductor 
device having the interconnection. 

I 'i 10 Alternatively, it is possible that in place of at least one of Mo, Ta 

'in 

j J and W, the copper alloy further includes at least one of Cr and Ni in a range 

of not less than 0.1 percent by weight to not more than 1 percent by weight 
in addition to the above at least one of Ag, As, Bi, P, Sb, Si, and H. The 
role of Cr and Ni in the copper alloy is the same as Mo, Ta, and W but 
15 different from Ag, As, Bi, P, Sb, Si, and Ti. Each of Cr and Ni exists on the 
copper crystal grain boundaries and/or within the copper crystal grains. Cr 
and Ni are larger in density than Cu. Thus, Cr and Ni are lower in mobility 
through the copper alloy than Cu. Cr and Ni are likely to be precipitated on 
the crystal grain boundaries to suppress diffusion of copper. Namely, Cr 
20 and Ni suppress the mass-transfer of copper through the copper alloy. 
Resistivity of each of Cr and Ni is not more than ten times of a copper 
resistivity. The additional inclusion of at least one of Cr and Ni suppress 
the mass-transfer or diffusion of copper through the copper alloy without 
any excessive increase in resistivity of the copper alloy. The suppression of 
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the mass-transfer or diffusion of copper through the copper alJoy 
suppresses electromigration in the interconnection or reduces the 
probability of generation of electromigration. The suppression to 
electronugration in the interconnection or the reduction in the probability 
5 of generation of electromigration reduces the probability of disconnection 
and crack of the interconnection. The reduction in the probabUity of 
disconnection and crack of the interconnection improves the reliability and 
the productivity of a semiconductor device having the interconnection. 

If, contrary to the present invention, at least one of Cr and Ni is 
10 further included in the copper alloy at less than 0.1 percent by weight, the 
effect of further suppressing the mass-transfer of copper through the copper 
alloy is insufficient, resulting in insufficient effect of further suppression to 
the mass-transfer or diffusion of copper through the copper alloy. The 
effect of further suppressing electromigration in the interconnection or 
15 further reducing the probability of generation of electromigration is 
insufficient. The insufficient effect of further suppression to 
electromigration in the interconnection or further reduction in the 
probability of generation of electromigration results in an insufficient 
further reduction in probability of disconnection and crack of the 
20 interconnection. The insufficient reduction in the probability of 
disconnection and crack of the interconnection results in insufficient further 
improvement in the reliability and the productivity of a semiconductor 
device having the interconnection. 

It is also possible that in addition to the above at least one of Ag, 
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As, Bi, P, Sb, Si, and Ti, the copper alloy further includes at least one of Cr 
and Ni in combination with at least one of Mo, Ta and W. 

Alternatively, it is possible that in addition to the above at least 
one of Ag, As, Bi, P, Sb, Si, and Ti, the copper alloy further includes at 
5 least one of Ge and Mg in a range of not less than 0,1 percent by weight to 
not more than a maximum solubility limit to copper. The role of Ge and Mg 
in the copper alloy is the same as Ag, As, Bi, P, Sb, Si, and Ti. 

The copper alloy, which includes at least one of Ag, As, Bi> P, Sb, 
Si, and Ti in combination with at least one of Ge and Mg is lower in 

10 melting point than copper. This allows that the copper alloy has relatively 
large crystal grain sizes and reduced crystal grain boundaries. Further, this 
allows that the crystal grain boundaries are formed in vertical directions to 
a longitudinal direction of the interconnection or a direction along which a 
current flows, thereby reducing a mass-transfer path of copper of the 

15 mterconnection. The reduction in mass-transfer path of copper of the 
interconnection suppresses electromigration in the interconnection or 
reduces the probability of generation of electromigration. The suppression 
to electromigration in the interconnection or the reduction in the probability 
of generation of electromigration reduces the probability of disconnection 

20 and crack of the interconnection. The reduction in the probability of 
disconnection and crack of the interconnection improves the reliability and 
the productivity of a semiconductor device having the interconnection. 

Further, since the copper alloy includes at least one of Ag, As, Bi, 
P, Sb, Si, and Ti in combination with at least one of Ge and Mg at not more 
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than a maximum solubility limit to copper, the copper alloy is in a solid 
solution in order to prevent formation of any copper compound which is 
brittle. The solid solution of the copper alloy reduces the probability of 
disconnection and crack of the interconnection. The reduction in the 
5 probability of disconnection and crack of the interconnection improves the 
reliability and the productivity of a semiconductor device having the 
interconnection- 
It is also possible that in addition to the above at least one of Ag, 
As, Bi, P, Sb, Si, and Ti and in addition to the above at least one of Ge and 
10 Mg, the copper alloy further includes at least one of Mo, Ta and W in a 
range of not less than 0.1 percent by weight to not more than 1 percent by 
weight, 

Altematively, it is also possible that in addition to the above at 

least one of Ag, As, Bi, P, Sb, Si, and Ti and in addition to the above at 
15 least one of Ge and Mg, the copper alloy further includes at least one of Cr 

and Ni in a range of not less than 0,1 percent by weight to not more than 1 

percent by weight. 

Alternatively, it is also possible that in addition to the above at 

least one of Ag, As, Bi, P, Sb, Si, and Ti and in addition to the above at 
20 least one of Ge and Mg, as well as in addition to the at least one of Mo, Ta 

and W, said copper alloy further includes at least one of Cr and Ni in a 

range of not less than 0.1 percent by weight to not more than 1 percent by 

weight. 

The fourth present invention provides a semiconductor device 
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comprising : a semiconductor substrate ; an insulation layer over the 
semiconductor substrate, and the insulation layer having a groove ; a 
barrier metal layer on a bottom and side walls of the groove ; and an 
interconnection layer on the barrier metal layer, and the interconnection 
5 layer filling the groove, wherein the interconnection layer comprises a 
copper alloy which includes at least one of Mo, Ta and W in a range of not 
less than 0.1 percent by weight to not more than 1 percent by weight. 

At least one of Mo, Ta and W is included in the copper alloy in a 
range of not less than 0.1 percent by weight to not more than 1 percent by 
10 weight. Each of Mo, Ta and W exists on the copper crystal grain 
boundaries and/or within the copper crystal grains. Mo, Ta and W are larger 
in density than Cu. Thus, Mo, Ta and W are lower in mobility through the 
copper alloy than Cu. Mo, Ta and W are likely to be precipitated on the 
crystal grain boundaries to suppress diffusion of copper. Namely, Mo, Ta 
15 and W suppress the mass-transfer of copper through the copper alloy. 
Resistivity of each of Mo, Ta and W is not more than ten times of a copper 
resistivity. The inclusion of at least one of Mo, Ta and W suppress the 
mass-transfer or diffusion of copper through the copper alloy without any 
excessive increase in resistivity of the copper alloy. The suppression of the 
20 mass-transfer or diffusion of copper through the copper alloy suppresses 
electromigration in the interconnection or reduces the probability of 
generation of electromigratiou. TIic suppression to electromigration in the 
interconnection or the reduction in the probability of generation of 
electromigration reduces the probability of disconnection and crack of the 
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interconnection. The reduction in the probability of disconnection and 
crack of the interconnection improves the reliability and the productivity of 
a semiconductor device having the intercoimection. 

If, contrary to the present invention, at least one of Mo, Ta and W 
5 is included in the copper alloy at more than 1 percent by weight, then the 
resistivity of the copper alloy is too high, and the resistance of the 
interconnection is too high. 

If, contrary to the present invention, at least one of Mo, Ta and W 
is included in the copper alloy at less than 0.1 percent by weight, the effect 
10 of suppressing die mass-transfer of copper through the copper alloy is 
insufficient, resulting in insufficient effect of suppression to the mass- 
transfer or diffusion of copper through the copper alloy The effect of 
suppressing electromigration in the interconnection or reducing the 
probability of generation of electromigration is insufficient. The 
15 insufficient effect of suppression to electromigration in the interconnection 
or further reduction in the probability of generation of electromigration 
results in an insufficient reduction in probability of disconnection and crack 
of the interconnection. The insufficient reduction in the probability of 
disconnection and crack of the interconnection results in insufficient 
20 improvement in the reliability and the productivity of a semiconductor 
device having the interconnection. 

It IS further preferable tliai ihe interconnection layer exists within 
a groove in an insulation layer. It is easy to accurately control the width of 
the groove in the insulation layer. This means it easy to accurately control 
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the width of the copper-alloy interconnection. This allows realization of the 
fine interconnection with the reduced width in order to realize the increased 
degree of integration of the semiconductor device. 

It is further more preferable that the interconnection layer exists 
5 on a barrier metal layer extending on a bottom and side walls of the groove. 
The barrier metal layer increases an adhesiveness of the copper-alloy 
interconnection to the insulation layer. Further, the barrier metal layer 
prevents a diffusion of copper atoms in the copper-alloy interconnection to 
the insulation layer. 

10 It is also possible that in addition to at least one of Mo, Ta and W, 

the copper alloy further includes at least one of Ag, As, Bi, P, Sb, Si, and Ti 
in a range of not less than 0.1 percent by weight to not more than a 
maximum solubility limit to copper. 

The copper alloy, which includes at least one of Ag, As, Bi, P, Sb, 

15 Si, and 11 at not less than 0.1 percent by weight, is lower in melting point 
than copper. This allows that the copper alloy has relatively large crystal 
grain sizes and reduced crystal grain boundaries. Further, this allows that 
the crystal grain boundaries are formed in vertical directions to a 
longitudinal direction of the interconnection or a direction along which a 

20 current flows, thereby reducing a mass-transfer path of copper of the 
interconnection. The reduction in mass-transfer path of copper of the 
interconnection suppresses eiectromigration in the interconnection or 
reduces the probability of generation of eiectromigration. The suppression 
to eiectromigration in the interconnection or the reduction in the probability 
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of generation of electrornigration reduces the probability of disconnection 
and crack of the interconnection. The reduction in the probability of 
disconnection and crack of the interconnection improves the reliability and 
the productivity of a semiconductor device having the interconnection. 
5 If, contrary to the present invention, at least one of Ag, As, Bi, P, 

Sb, Si, and T\ is further included in the copper alloy at less than 0,1 percent 
by weight, then it is difficult to obtain a sufficiently reduced melting point 
of the copper alloy, whereby the copper alloy has relatively small crystal 
grain sizes and many crystal grain boundaries. Further, this makes it 

10 difficult that the crystal grain boundaries are formed in vertical directions 
to a longitudinal direction of the interconnection or a direction along which 
a current flows, thereby resultmg in no reduction in a mass-transfer path of 
copper of the interconnection. No reduction in mass-transfer path of copper 
of the interconnection does not suppress electrornigration in the 

15 interconnection nor reduce the probability of generation of electrornigration. 
No suppression to electromigration in the interconnection nor reduction in 
the probability of generation of electrornigration does not reduce the 
probability of disconnection and crack of the interconnection. No reduction 
in the probability of disconnection and crack of the interconnection does 

20 not improve the reliability and the productivity of a semiconductor device 
having the interconnection. 

Further, since the copper alloy includes at least one of Ag, As, Bi, 
P, Sb, Si, and Tl at not more than a maximum solubility limit to copper, the 
copper aUoy is in a solid solution in order to prevent formation of any 
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copper compound which is brittle. The solid solution of the copper alloy 
reduces the probability of disconnection and crack of the interconnection. 
The reduction in the probability of disconnection and crack of the 
interconnection improves the reliability and the productivity of a 
5 semiconductor device having the interconnection. 

If, contrary to the first present invention, at least one of Ag, As, 
Bi, P, Sb, Si, and Ti is included in the copper alloy at more than the 
maximum solubility limit to copper, the copper alloy is in a copper 
compound which is brittle. This copper compound increases the high 
10 probability of disconnection and crack of the intercomiection. The increase 
in the probability of disconnection and crack of the interconnection 
deteriorates the reliability and the productivity of a semiconductor device 
having the interconnection. 

It is also possible that in addition to at least one of Mo, Ta and W, 
15 the copper alloy further includes at least one of Ge and Mg in a range of 
not less than 0,1 percent by weight to not more than a maximum solubility 
limit to copper. Ge and Mg have the same role as Ag, As, Bi, P, Sb, Si, and 
Ti in the copper alloy. 

The copper alloy, which includes at least one of Ge and Mg at not 
20 less than 0,1 percent by weight, is lower in melting point than copper. This 
allows that the copper alloy has relatively large crystal grain sizes and 
reduced crystal grain boundaries. Further, this allows thai the crystal grain 
boundaries are formed in vertical directions to a longitudinal direction of 
the interconnection or a direction along which a current flows, thereby 
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reducing a mass-transfer path of copper of the interconnection. The 
reduction in mass-transfer path of copper of the interconnection suppresses 
electromigration in the interconnection or reduces the probability of 
generation of electromigration. The suppression to electromigration in the 
5 interconnection or the reduction in the probability of generation of 
electromigration reduces the probability of disconnection and crack of the 
interconnection. The reduction in the probability of disconnection and 
crack of the interconnection improves the reliability and the productivity of 
a semiconductor device having the interconnection. 
10 If, contrary to the present invention, at least one of Ge and Mg is 

further included in the copper alloy at less than 0.1 percent by weight, then 
it is difficult to obtain a sufficiently reduced melting point of the copper 
alloy, whereby the copper alloy has relatively small crystal grain sizes and 
many crystal grain boundaries. Further, this makes it difficult that the 
15 crystal grain boundaries are formed in vertical directions to a longitudinal 
direction of the intercomiection or a direction along which a current flows, 
thereby resulting in no reduction in a mass-transfer path of copper of the 
interconnection. No reduction in mass-transfer path of copper of the 
interconnection does not suppress electromigration in the intercomiection 
20 nor reduce the probabiUty of generation of electromigration. No 
suppression to electromigration in the interconnection nor reduction in the 
probability of generation of electromigration does not reduce the 
probability of discomiection and crack of the intercomiection. No reduction 
in the probabUity of discomiection and crack of the intercomiection does 
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not improve the reUability and the productivity of a semiconductor device 
having the interconnection. 

Further, since the copper aUoy includes at least one of Ge and 
Mg at not more than a maximum solubility limit to copper, the copper alloy 
5 is in a solid solution in order to prevent formation of any copper compound 
which is brittle. The solid solution of the copper alloy reduces the 
probabUity of disconnection and crack of the intercomiection. The 
reduction in the probability of disconnection and crack of the 
intercomiection improves the reliabUity and the productivity of a 
10 semiconductor device having the interconnection. 

If, contrary to the first present invention, at least one of Ge and 
Mg is included in the copper alloy at more than the maximum solubility 
limit to copper, the copper alloy is in a copper compound which is brittle. 
This copper compound increases the high probability of discomiection and 
15 aack of the interconnection. The increase in the probability of 
discomiection and crack of the intercomiection deteriorates the reliabiUty 
and the productivity of a semiconductor device having the intercomiection. 

It is also possible that in addition to at least one of Mo, Ta and W, 
and in addition to at least one of Ag, As, Bi, P, Sb, Si, and Ti, the copper 
20 alloy further includes at least one of Ge and Mg in a range of not less than 
0.1 percent by weight to not more than a maximum solubility limit to 
copper. Ge and Mg have the same role as Ag, As, Bi, P, Sb, Si, and Ti in 
the copper alloy. 

It is also possible that in addition to at least one of Mo, Ta and W, 
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the copper aUoy further includes at least one of Cr and Ni in a range of not 
less than 0.1 percent by weight to not more than 1 percent by weight. Cr 
and Ni have the same role as the Mo, Ta and W in the copper alloy. 

It is also possible that in addition to at least one of Mo, Ta and W, 
5 and in addition to at least one of Ag, As, Bi, P, Sb, Si, and Ti, the copper 
alloy further includes at least one of Cr and Ni in a range of not less than 
0.1 percent by weight to not more than 1 percent by weight. Cr and Ni have 
the same role as the Mo, Ta and W in the copper aUoy. 

It is also possible that in addition to at least one of Mo, Ta and W, 
10 and in addition to at least one of Ge and Mg, the copper alloy further 
includes at least one of Cr and Ni in a range of not less than 0.1 percent by 
weight to not more than 1 percent by weight. Cr and Ni have the same role 
as the Mo, Ta and W in the copper alloy. 

It is also possible that in addition to at least one of Mo, Ta and W, 
15 and in addition to at least one of Ge and Mg, as weU as in addition to at 
least one of Ag, As, Bi, P, Sb, Si, and Ti, the copper alloy further includes 
at least one of Cr and Ni in a range of not less than 0.1 percent by weight to 
not more than 1 percent by weight. Cr and Ni have the same role as the Mo, 
Ta and W in the copper alloy. 
20 The fifth present invention provides a method of forming a 

semiconductor device, comprismg the steps of : forming a groove in an 
insulation layer over a semiconductor substrate ; forming a barrier metal 
layer on a bottom and side walls of the groove ; forming a seed copper 
layer including at least one of Ag, As, Bi, P, Sb, Si, and Ti on the barrier 
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metal layer ; fonning a copper layer on the seed copper layer so that 
laminations of the barrier metal layer, the seed copper layer and the copper 
layer fill within the groove ; and carrying out a heat treatment to form an 
interconnection layer on the barrier metal layer, wherein the 
5 interconnection layer comprises a copper alloy which includes at least one 
of Ag, As, Bi, P, Sb, Si, and Ti in a range of not less than 0.1 percent by 
weight to not more than a maximum solubility limit to copper, so that the 
copper alloy is in a solid solution. 

It is possible to further comprise the step of selectively removing 
10 the copper layer, so that the copper layer remains only within the groove 
' ig before the heat treatment is carried out. 

Alternatively, it is also possible to further comprise the step of 
selectively removing the intercomiection layer, so that the intercomiection 
layer remains only within the groove after the heat treatment has been 

15 carried out. 

It is possible that in addition to at least one of Ag, As, Bi, P, Sb, 
Si, and Ti, the seed copper layer further includes at least one of Mo, Ta and 
W, so that the interconnection layer further includes at least one of Mo, Ta 
and W in a range of not less than 0.1 percent by weight to not more than 1 
20 percent by weight in addition to at least one of Ag, As, Bi, P, Sb, Si, and Ti. 

It is possible that in addition to at least one of Ag, As, Bi, P, Sb, 
Si, and Ti, the seed copper layer further includes at least one of Cr and Ni, 
so that the intercomiection layer further includes at least one of Cr and Ni 
in a range of not less than 0.1 percent by weight to not more than 1 percent 
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by weight in addition to at least one of Ag, As, Bi, P, Sb, Si, and Ti. 

It is possible that in addition to at least one of Ag, As, Bi, P, Sb, 
Si, and Ti, and in addition to at least one of Mo. Ta and W, the seed copper 
layer further includes at least one of Cr and Ni, so that the interconnection 
5 layer further includes at least one of Cr and Ni in a range of not less than 
0.1 percent by weight to not more than 1 percent by weight in addition to at 
least one of Ag, As, Bi, P, Sb, Si, and Ti, and in addition to at least one of 
Mo, Ta and W. 

It is possible that in addition to at least one of Ag, As, Bi, P, Sb, 
10 Si, and Ti, the seed copper layer further includes at least one of Ge and Mg, 
so that the interconnection layer further includes at least one of Ge and Mg 
in a range of not less than 0.1 percent by weight to not more than a 
maximum solubility limit to copper. 

It is possible that in addition to at least one of Ag, As, Bi, P, Sb, 
15 Si, and Ti, and in addition to at least one of Ge and Mg, the seed copper 
layer further includes at least one of Mo, Ta and W, so that the 
intercomiection layer further includes at least one of Mo, Ta and W in a 
range of not less than 0.1 percent by weight to not more tiian 1 percent by 
weight in addition to at least one of Ag, As, Bi, P. Sb, Si, and Ti, and in 
20 addition to at least one of Ge and Mg. 

It is possible that in addition to at least one of Ag, As, Bi, P, Sb, 
Si, and Ti, and in addition to at least one of Ge and Mg, the seed copper 
layer further includes at least one of Cr and Ni, so that the intercomiection 
layer further includes at least one of Cr and Ni in a range of not less tiian 
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0.1 percent by weight to not more than 1 percent by weight in addition to at 
least one of Ag, As, Bi, P, Sb, Si, and Ti, and in addition to at least one of 
Ge and Mg. 

It is possible that in addition to at least one of Ag, As, Bi, P, Sb, 
5 Si, and Ti, and in addition to at least one of Mo, Ta and W, the seed copper 
layer further includes at least one of Cr and Ni, so that the interconnection 
layer further includes at least one of Cr and Ni in a range of not less than 
0.1 percent by weight to not more than 1 percent by weight in addition to at 
least one of Ag, As, Bi, P, Sb, Si, and Ti, and in addition to at least one of 

10 Mo, Ta and W. 

The sixth present invention provides a method of forming a 
semiconductor device, comprising the steps of : forming a groove in an 
insulation layer over a semiconductor substrate ; forming a barrier metal 
layer on a bottom and side walls of the groove ; forming a seed copper 

15 layer including at least one of Mo, Ta and W on the barrier metal layer ; 
forming a copper layer on the seed copper layer so that laminations of the 
barrier metal layer, the seed copper layer and the copper layer fill within 
the groove ; and carrying out a heat treatment to form an interconnection 
layer on the barrier metal layer, wherein the intercomiection layer 

20 comprises a copper alloy which includes at least one of Mo, Ta and W in a 
range of not less than 0.1 percent by weight to not more than 1 percent by 
weight. 

It is possible to further comprise the step of selectively removing 
the copper layer, so that the copper layer remains only within the groove 
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before the heat treatment is carried out. 

Alternatively, it is also possible to further comprise the step of 
selectively removing the interconnection layer, so that the interconnection 
layer remains only within the groove after the heat treatment has been 
5 carried out. 

It is possible that in addition to at least one of Mo, Ta and W, the 
seed copper layer further includes at least one of Ag, As, Bi, P, Sb, Si, and 
Ti, so that the interconnection layer further includes at least one of Ag, As, 
Bi, P, Sb, Si, and Ti in a range of not less than 0.1 percent by weight to not 
10 more than a maximum solubQity limit to copper in addition to at least one 

of Mo,TaandW, 

It is possible that in addition to at least one of Mo, Ta and W, the 
seed copper layer further includes at least one of Ge and Mg, so that the 
interconnection layer further includes at least one of Ge and Mg in a range 
15 of not less than 0.1 percent by weight to not more than a maximum 
solubility limit to copper in addition to at least one of Mo, Ta and W. 

It is possible that in addition to at least one of Mo, Ta and W, and 
in addition to at least one of Ag, As, Bi, P, Sb, Si, and Ti. the seed copper 
layer further includes at least one of Ge and Mg, so that the interconnection 
20 layer further includes at least one of Ge and Mg in a range of not less than 
0.1 percent by weight to not more than a maximum solubility limit to 
nnr^rr^r in ,HHitmn »t v.a«t 00? of Mo, Ta and W aTid iH addition to at 
least one of Ag, As, Bi, P, Sb, Si, and Ti. 

It is possible that in addition to at least one of Mo, Ta and W, the 
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seed copper layer further includes at least one of Cr and Ni, so that the 
interconnection layer further includes at least one of Cr and Ni in a range of 
not less than 0.1 percent by weight to not more than 1 percent by weight in 
addition to at least one of Mo, Ta and W. 

5 It is possible that in addition to at least one of Mo, Ta and W, and 

in addition to at least one of Ag, As, Bi, P, Sb, Si, and Ti, the seed copper 
layer further includes at least one of Cr and Ni, so that the interconnection 
layer further includes at least one of Cr and Ni in a range of not less than 
0.1 percent by weight to not more than 1 percent by weight in addition to at 

10 least one of Mo, Ta and W, and in addition to at least one of Ag, As, Bi, P, 
Sb,Si,andTi. 

It is possible that in addition to at least one of Mo, Ta and W, and 
in addition to at least one of Ag, As, Bi, P, Sb, Si, and Ti, as well as in 
addition to at least one of Ge and Mg, the seed copper layer further 
15 includes at least one of Cr and Ni, so that the interconnection layer further 
includes at least one of Cr and Ni in a range of not less than 0.1 percent by 
weight to not more than 1 percent by weight in addition to at least one of 
Mo, 1^ and W, and in addition to at least one of Ag, As, Bi, P, Sb, Si, and 
Ti, as well as in addition to at least one of Ge and Mg. 

20 

PREFERRED EMBODIMENT 

pTP<;TT=^MT^nDTMF.NT: 

A first embodiment according to the present invention wUl be 
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described in detail with reference to the drawings. FIG. 3A is a fragmentary 
cross sectional elevation view illustrative of a novel copper-alloy 
interconnection formed in a trench groove in an insulation film over a 
semiconductor substrate, taken along a plane vertical to a longitudinal 
5 direction of the copper-alloy interconnection in a first embodiment in 
accordance with the present invention. FIG. 3B is a partially enlarged view 
illustrative of the copper-alloy interconnection of FIG. 3A. FIG. 3C is a 
fragmentary perspective view illustrative of the novel copper-alloy 
interconnection of FIG. 3A. FIG. 3D is a fragmentary cross sectional 
10 elevation view illustrative of the novel copper-alloy interconnection, taken 
along a B-B' line of HG. 3C, wherein the B-B' line is parallel to the 
longitudinal direction of the copper-alloy mterconnection. 

A copper-alloy interconnection is provided in an inter-layer 
insulator 10 provided on a semiconductor substrate 0. The inter-layer 
15 insulator 10 has a trench groove with a predetermined nanow width. A 
barrier metal layer 2 extends on a bottom and side walls of the trench 
groove of the inter-layer insulator 10. A copper-alloy interconnection 100 
exists on the barrier metal layer, so that the copper-aUoy interconnection 
100 fills the trench groove of the inter-layer insulator 10. The copper-alloy 
20 interconnection 100 comprises laminations of the barrier layer 2 and a 
copper alloy interconnection layer 1 which includes at least one of Ag, As, 
Bi, P, Sb, Si, and Ti in a range cf not less than 0.1 percent by weight to not 
more than a maximum solubility limit to copper, so that the copper alloy 
interconnection layer 1 is in a solid solution. The copper-alloy 
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interconnection 100 has a top surface 100a leveled to a top surface of the 

inter-layer insulator 10. 

The copper-alloy interconnection 100 exists Avithin the trench 
groove in the inter-layer insulator 10. It is easy to accurately control the 
5 width of the trench groove in the inter-layer insulator 10, This means it 
easy to accurately control the width of the copper-aUoy interconnection 100. 
This allows realization of the fine interconnection with the reduced width 
in order to realize the increased degree of integration of the semiconductor 
device. 

10 The copper alloy interconnection layer 1 exists on the barrier 

metal layer 2 extending on the bottom and the side waUs of the trench 
groove in the inter-layer insulator 10. The barrier metal layer 2 increases an 
adhesiveness of the copper alloy interconnection layer 1 to the inter-layer 
insulator 10. Further, the barrier metal layer 2 prevents a diffusion of 

15 copper atoms in the copper alloy interconnection layer 1 to the inter-layer 
insulator 10. 

The copper alloy, which includes at least one of Ag, As, Bi, P, Sb, 
Si, and Ti at not less than 0.1 percent by weight, is lower in melting point 
than copper. This allows that the copper alloy has relatively large crystal 
20 grain sizes and reduced crystal grain boundaries as shown in FIG. 3B. 
Further, this allows that the crystal grain boundaries are, as shown in FIG. 

-irv * -.^ HiV^ptinnc fo a longiU-'dinal direction of the 

interconnection 100 or a direction along which a current flows, thereby 
reducing a mass-transfer path of copper of the interconnection 100. The 
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reduction in mass-transfer path of copper of the interconnection 100 
suppresses electromigration in the interconnection 100 or reduces the 
probability of generation of electromigration. The suppression to 
electromigration in the interconnection 100 or the reduction in the 
5 probabUity of generation of electromigration reduces the probabUity of 
disconnection and crack of the interconnection 100. The reduction in the 
probabiUty of disconnection and crack of the interconnection improves the 
reliability and the productivity of a semiconductor device having the 

interconnection 100. 

if^ contrary to the &st present invention, at least one of Ag, As, 
Bi, P, Sb, Si, and Ti is included in the copper alloy at less than 0.1 percent 
by weight, then it is difficult to obtain a sufficiently reduced melting point 
of the copper alloy, whereby the copper alloy has relatively small crystal 
grain sizes and many crystal grain boundaries. Further, this makes it 
15 difficult that the crystal grain boundaries are formed in vertical directions 
to a longitudinal direction of the interconnection 100 or a direction along 
which a current flows, thereby resulting in no reduction in a mass-transfer 
path of copper of the interconnection 100. No reduction m mass-transfer 
path of copper of the interconnection 100 does not suppress 
20 electromigration in the interconnection 100 nor reduce the probabiUty of 
generation of electromigration. No suppression to electromigration in the 
:«t»r^,.r.T,.^^t;«n inn nr»r r*>duction in the probability nf generation of 
electromigration does not reduce the probability of disconnection and crack 
of the interconnection 100. No reduction in the probability of disconnection 
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and crack of the interconnection 100 does not improve the reliability and 
the productivity of a semiconductor device having the interconnection 100. 

Further, since the copper alloy includes at least one of Ag, As, Bi, 
P, Sb, Si, and Ti at not more than a maximum solubility limit to copper, the 
5 copper alloy is in a solid solution in order to prevent formation of any 
copper compound which is brittle. The solid solution of the copper alloy 
reduces the probability of disconnection and crack of the interconnection 
100. The reduction in the probability of disconnection and crack of the 
interconnection 100 improves the reliability and the productivity of a 
10 semiconductor device having the interconnection 100. 

If, contrary to the first present invention, at least one of Ag, As, 
Bi, P, Sb, Si, and Ti is included in the copper alloy at more than the 
maximum solubility limit to copper, the copper aUoy is in a copper 
compound which is brittle. This copper compound increases the high 
15 probability of disconnection and crack of the interconnection 100. The 
increase in the probability of disconnection and crack of the 
interconnection 100 deteriorates the reliability and the productivity of a 
semiconductor device having the interconnection 100, 

FIG. 4 is a phase diagram of Ag-Cu binary system. A first area 
20 0 represents a solid phase of Cu. A second area (D represents co- 
existence of a liquid phase of Ag and Cu and a solid phase of Cu. A third 
area (D represents « liquid phase of Ag and Cu. A fourth area (3) 
represents co-existence of a liquid phase of Ag and Cu and a soUd phase of 
Ag. A fifth area © represents a solid phase of Ag- A sixth area © 
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represents a solid phase of Ag and Cu. An eutectic point "Y" is 39.9 
percents by weight of Ag to Cu. An eutectic temperature is 779t:. A 
maximum solubility limit "Z" is 4.9 percents by weight of Ag to Cu at the 
eutectic temperature is 779^:. A curved line "X" represents a solubility 

5 limit which vary depending upon temperature. The maximum pomt of 
solubUity limit is the maximum solubility limit "Z". As the amount of Ag 
added to Cu is increased, a temperature, at which a liquid phase is about to 
appear along the curved line "X", is dropped. The drop of the temperature, 
at which the liquid phase is about to appear, results in enlargement of the 

10 crystal grain size of the copper alloy. The copper alloy such as Ag-Cu 
having a small area of Cu solid phase area and a low eutectic temperature 
allows that an addition of Ag at a small amount efficiently drops the 
temperature, at which the Uquid phase is about to appear. In the binary 
system such as Ag and Cu, the drop of the temperature, at which the liquid 

15 phase is about to appear, corresponds to the drop of the melting point. 
Namely, the addition of Ag to Cu efficiently drops the melting point. If Ag 
is added to Cu at a larger amount than the maximum solubility limit "Z", 
then Ag is partially precipitated vsrithout being allowed with Cu. The 
precipitation of Ag decreases a conductivity of the Ag-Cu alloy. In order to 

20 prevent the drop of the conductivity of the Ag-Cu alloy, it is preferable to 
add Ag to Cu at an amount of not more than the maximum solubility limit 
"Z". The drop of the melting point of the Ag-Cu alloy allows the growth of 
large crystal grains of the copper alloy. The enlargement of the crystal grain 
size of the copper aUoy suppress the electromigration. The above 
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descriptions are commonly applied to when in place of Ag, one of other 
elements such as Ag, As, Bi, P, Sb, Si, and Ti is added to Cu. 

FIGS. 5A through 5E are fragmentary cross sectional elevation 
views illustrative of sequential steps involved in a novel method of forming 
5 a copper-alloy interconnection formed in a trench groove in an insulation 
film over a semiconductor substrate, taken along a plane vertical to a 
longitudinal direction of the copper-alloy interconnection in a first 
embodiment in accordance with the present invention. 

With reference to FIG. 5A, a trench groove 10a is formed in an 

10 inter-layer insulator 10 to 

With reference to FIG. SB, a barrier metal layer 2 is formed is 
entirely formed on a top surface of the inter-layer insulator 10 and on a 
bottom of side walls of the trench groove of the inter-layer insulator 10. 

With reference to FIG. 5C, a seed layer 11 is formed on the 
15 barrier metal layer 2. The seed layer 11 comprises a copper alloy which 
includes at least one of Ag, As, Bi, P, Sb, Si, and Ti. An amount of at least 
one of Ag, As, Bi, P, Sb, Si, and Ti in the copper alloy is decided so that a 
final interconnection layer of copper alloy includes at least one of Ag, As, 
Bi, P, Sb, Si, and T\ in the range of not less than 0.1 percent by weight to 
20 not more than a maximum solubility limit to copper. 

With reference to FIG. 5D, a copper layer 12 is further formed on 

the seed layer 11: 

With reference to FIG. 5E, a chemical mechanical polishment is 
carried out to remove laminations of the copper layer 12, the seed layer 11, 
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and the barrier metal layer 2 so that the laminations of the copper layer 12, 
the seed layer 11, and the barrier metal layer 2 remain only within the 
trench groove of the inter-layer insulator 10, whereby a top surface of the 
copper layer 12 is leveled to the top suritace of the inter-layer insulator 12. 

5 A heat treatment is carried out to cause a thermal diffusion of at least one 
of Ag, As, Bi, P, Sb, Si, and Ti in the seed layer 11 to the copper layer 12, 
whereby a copper alloy interconnection layer 1 is formed on the barrier 
metal layer 2 and within the trench groove of the inter-layer insulator 10. 
The copper alloy interconnection layer 1 includes at least one of Ag, As, Bi, 

10 P, Sb, Si, and Ti in the range of not less than 0.1 percent by weight to not 
more than a maximum solubUity limit to copper. The copper alloy 
interconnection layer 1 has large size crystal grains and a small number of 
the crystal grains. The grain boundaries exist across the longimdinal 
direction of the copper alloy interconnection layer 1. 



15 



A second embodiment according to the present invention will be 
described in detail with reference to the drawings. FIG. 6A is a fragmentary 
cross sectional elevation view illustrative of a novel copper-alloy 
20 mterconnection formed in a trench groove in an insulation film over a 
semiconductor substrate, taken along a plane vertical to a longitudinal 

a:^^^4^:^^ ^-f nn.r^r^Ar-^Ur\\7 intAmoniiprtirfcTi I'n a second Cinl^odLm^l^t ITl 

accordance with the present invention. FIG. 6B is a partiaUy enlarged view 
illustrative of the copper-alloy interconnection of FIG. 6A. FIG. 6C is a 
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fragmentary perspective view iUustrative of the novel copper-aUoy 
interconnection of FIG. 6A. FIG. 6D is a fragmentary cross sectional 
elevation view illustrative of the novel copper-alloy interconnection, taken 
along a B-B' line of FIG. 6C, wherein the B-B' line is parallel to the 
5 longitudinal direction of the copper-alloy interconnection. 

A copper-alloy interconnection is provided in an inter-layer 
insulator 10 provided on a semiconductor substrate 0. The inter-layer 
insulator 10 has a trench groove with a predetermined nanow width. A 
barrier metal layer 2 extends on a bottom and side walls of the trench 
10 groove of the inter-layer insulator 10. A copper-alloy interconnection 200 
exists on the barrier metal layer, so that the copper-aUoy interconnection 
200 fills the trench groove of the inter-layer insulator 10. The copper-alloy 
y interconnection 200 comprises laminations of the barrier layer 2 and a 

copper alloy interconnection layer 21 which includes at least one of Mo, Ta 
15 and W in a range of not less than 0.1 percent by weight to not more than a 
maximum solubility limit to copper, so that the copper alloy 



m 



P 



1 interconnection layer 21 is in a solid solution. The copper-alloy 



interconnection 200 has a top surface 200a leveled to a top surface of the 

inter-layer insulator 10. 
20 The copper-alloy interconnection 200 exists within the trench 

groove in the inter-layer insulator 10. It is easy to accurately control the 
""Idth of the trench groove in the inter-layer insulator 10. This means it 
easy to accurately control the width of the copper-alloy interconnection 200. 
This aUows realization of the fine interconnection with the reduced width 
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in order to realize the increased degree of integration of the semiconductor 
device. 

The copper alloy interconnection layer 21 exists on the barrier 
metal layer 2 extending on the bottom and the side walls of the trench 
5 groove in the inter-layer insulator 10. The barrier metal layer 2 increases an 
adhesiveness of the copper alloy interconnection layer 21 to the inter-layer 
insulator 10. Further, the banier metal layer 2 prevents a diffusion of 
copper atoms in the copper alloy interconnection layer 21 to the inter-layer 
insulator 10. 

10 At least one of Mo, Ta and W is included in the copper alloy in a 

range of not less than 0.1 percent by weight to not more than 1 percent by 
weight. Each of Mo, Ta and W exists on the copper crystal grain 
boundaries 23 and/or within the copper crystal grains. Mo, Ta and W are 
larger in density than Cu. Thus, Mo, Ta and W are lower in mobility 

15 through the copper alloy than Cu. Mo, Ta and W are likely to be 
precipitated on the crystal grain boundaries 24 to suppress diffusion of 
copper. Namely, Mo, Ta and W suppress the mass-transfer of copper 
through the copper alloy. Resistivity of each of Mo, Ta and W is not more 
than ten times of a copper resistivity. The inclusion of at least one of Mo, 

20 Ik and W suppress the mass-transfer or diffusion of copper through the 
copper alloy without any excessive increase in resistivity of the copper 
alloy. The suppression of the mass-transfer or diffusion of copper through 
the copper alloy suppresses electromigration in the interconnection 200 or 
reduces the probabUity of generation of electromigration. The suppression 
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to electromigration in the interconnection 200 or the reduction in the 
probabUity of generation of electromigration reduces the probability of 
disconnection and crack of the interconnection 200. The reduction in the 
probabUity of disconnection and crack of the interconnection 200 improves 
5 the reUability and the productivity of a semiconductor device having the 

interconnection 200. 

If, contrary to the present invention, at least one of Mo, Ta and W 
is included in the copper alloy at more than 1 percent by weight, then the 
resistivity of the copper alloy is too high, and the resistance of the 

* 10 interconnection 200 is too high. 

m 

If, contrary to the present invention, at least one of Mo, Ta and W 
is included in the copper alloy at less than 0.1 percent by weight, the effect 
of suppressing the mass-transfer of copper through the copper alloy is 
insufficient, resulting in insufficient effect of suppression to the mass- 
S 15 transfer or diffusion of copper through the copper alloy. The effect of 
suppressing electromigration in the interconnection 200 or reducing the 
probabiUty of generation of electromigration is insufficient. The 
insufficient effect of suppression to electromigration in the interconnection 
200 or further reduction in the probability of generation of electromigration 
20 resuhs in an insufficient reduction in probability of disconnection and crack 
of the interconnection 200. The insufficient reduction in the probabiUty of 
disconnection and crack of the interconnection 200 results in insufficient 
improvement in the reliability and the productivity of a semiconductor 
device having the interconnection 200. 
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Whereas modifications of the present invention will be apparent 
to a person having ordinary skill in the art, to which the mvention pertains, 
it is to be understood that embodiments as shown and described by way of 
illustrations are by no means intended to be considered in a limiting sense. 
5 Accordingly, it is to be intended to cover by claims all modifications which 
fall within the spirit and scope of the present invention. 
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